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The P1 cistron encodes the first and most variable part of the polyprotein of potyviruses. A site tolerant to a pentapeptide insertion at the
N-terminus of Potato virus A P1 (Genome Res. 12, 584–594) was used to express heterologous proteins (insertions up to 783 nucleotides)
with or without flanking new proteolytic sites. Aequorea victoria green fluorescent protein (GFP) accumulated to high levels when
proteolytically released from P1 and showed strong fluorescence in leaves systemically infected with vector virus. Deletions in GFP and
adjacent viral sequences emerged 2–4 weeks after infection, revealing putative recombination hot spots. The inserts in P1 diminished
infectivity host-specifically, reduced virus accumulation in protoplasts and systemically infected leaves, alleviated symptoms and reduced
accumulation of mRNA and HCpro in cis in a virus-free system. This heterologous protein expression site is the first within a protein-
encoding cistron and the third in the genome of potyviruses.
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The single-stranded positive-sense RNA genome of
potyviruses (genus Potyvirus, family Potyviridae) contains
a single open reading frame translated to a large polyprotein
which is subsequently processed to up to 10 mature proteins
by three viral proteinases (Fig. 1). The P1 protein is released
from the N-proximal end of the polyprotein via an
autoproteolytic cleavage carried out by the C-proximal
serine-type proteinase domain of P1 at a specific site0042-6822/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.virol.2005.07.019
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and Shaw, 1991; Verchot et al., 1991, 1992; Yang et al.,
1998). The cleavage is required for viral infectivity (Moreno
et al., 1998, 1999; Verchot and Carrington, 1995a). No other
functional domains in P1 are known. P1 may localize to
inclusions or membranes in infected cells, but the local-
ization studies have provided little evidence for P1 functions
(Arbatova et al., 1998; Rodrı´guez-Cerezo and Shaw, 1991;
Wisler et al., 1995). Initially, due to putative structural
similarities between P1 and the 30K movement protein
(MP) of Tobacco mosaic virus (TMV, genus Tobamovirus),
and also because P1 and most viral MPs bind single-
stranded RNA in vitro (Brantley and Hunt, 1993), P1 was
expected to be a potyviral MP (Shukla et al., 1994).
However, to date, no viral movement functions have been
shown for P1. To the contrary, the P1 cistron can be
removed from Tobacco etch virus (TEV) without signifi-05) 88 – 101
Fig. 1. (A) Schematic presentation of the polyprotein and cistrons corresponding to mature proteins in Potato virus A (PVA), isolate B11. The genome
contains a 5Vnon-translated region (5V-NTR) of 161 nucleotides followed by the translation start codon (AUG) for the viral polyprotein (and P1 protein) at
position 162–164. The cistrons for the HCpro and P3 proteins start at positions 1053 and 2427, respectively. P1, HCpro and P3 are released from the
polyprotein by proteolytic cleavages carried out by the P1, HCpro and NIaPro proteinases, respectively. The insertion sites in cistrons P1 (PVA nucleotide
position 235) and P3 (nucleotide position 3379) used in this study are indicated with arrowheads. P1, proteinase; HCpro, helper component proteinase; P3,
third protein; 6K1, 6-kDa protein 1; CI, cylindrical inclusion protein; 6K2, 6-kDa protein 2; VPg, viral genome-linked protein; NIaPro, proteinase; NIb,
replicase; CP, coat protein. (B) The foreign amino acid (aa) residues inserted in PVA proteins. The 5 aa derived from the Mu transposon-mediated
mutagenesis (Kekarainen et al., 2002) are shown in gray, whereas those which were added in this study and flank the GFP sequence are shown bold and
italicized. The consensus cleavage site (DMVYFQ/A) for NIaPro engineered in some chimeras (denoted by Fp_ in the name of the chimera) is boxed. M14*
and M45* were obtained by deleting the insert from M14-GFPp and M45-GFPp, respectively, by cleavage with NotI and are identical to M14 and M45. Fgfp_
in the aa sequence indicates full-length GFP (239 aa), whereas Fdelgfp_ denotes the 45 N-proximal aa of GFP. (C) The nucleotide sequences flanking the gfp-
gene insert in the P1 cistron of the chimeric PVA cDNAs. The nucleotides derived from the Mu transposon-mediated sequence insertion (Kekarainen et al.,
2002) are shown in gray, whereas those added in this study are shown bold and italicized. The NotI site (underlined) of the original mutant M14 was
duplicated. The sequences of two constructs, M14-GFP and M14-GFPp, are depicted. Of the two other constructs not shown, M14-delGFP is similar to M14-
GFP, except that only the N-proximal 135 nt of GFP was used in place of the entire GFP, whereas M14-pGFPp is similar to M14-GFPp, except that the GFP
insert is flanked by the engineered proteolytic sites for NIaPro.
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1995a, 1995b).
Unlike viral movement, P1 contributes to viral multi-
plication as indicated by the 85–90% or 97–98% reduction
of virus accumulation in Nicotiana tabacum protoplasts
following removal of the N-proximal part or the entire P1
coding region from TEV, respectively (Verchot and Car-
rington, 1995a, 1995b). Furthermore, insertions at certain
positions in the P1 cistron make the virus non-infectious
(Kekarainen et al., 2002; Moreno et al., 1999). P1 interacts
with several potyviral proteins involved in virus replication,
including HCpro (Merits et al., 1999). The stimulatory
effect on viral amplification by P1 (Moreno et al., 1998;
Verchot and Carrington, 1995b) can be explained by its
ability to enhance HCpro-mediated suppression of RNA
silencing (Pruss et al., 1997; Kasschau and Carrington,
1998), the basal virus defense system targeting viral RNA
for degradation in infected cells (reviewed in Baulcombe,
2004). However, P1 alone does not suppress RNA silencing(Anandalakshmi et al., 1998, Brigneti et al., 1998; Hou and
Qiu, 2003).
Studies of viruses are facilitated by tagging viral
genomes with marker genes, such as those encoding
different variants of the Aequorea victoria green fluorescent
protein (GFP) (Matz et al., 2002), to assist in non-
destructive monitoring of virus infection. To date, only
two sites have been reported in the potyviral genome that
permit insertion of marker genes without abrogating viral
infectivity. The foreign gene can be inserted at the
proteolytic site between P1 and HCpro (Dolja et al., 1992;
German-Retana et al., 2000; Guo et al., 1998; Johansen et
al., 2001; Masuta et al., 2000) or between the viral replicase
(NIb) and coat protein (CP) (Arazi et al., 2001; Choi et al.,
2000; Dietrich and Maiss, 2003; Ferna´ndez-Ferna´ndez et al.,
2001; Ivanov et al., 2003). However, insertions at these two
proteolytic sites are tolerated differently depending on the
virus. The gene for h-glucuronidase (GUS) was tolerated at
the NIb/CP site but not at the P1/HCpro junction in Wheat
Table 1
Infectivity of the GFP insertion constructs of Potato virus A
Constructa N. benthamiana N. tabacum
ILb SLc Symptomsd IL SL
17 dpi 24 dpi
wt PVA-B11 9/9 9/9 SLMF 3/3 3/3 3/3
P1-mutants
M14 6/6 6/6 SLMF nte nt nt
M14* 9/9 9/9 SLMF 4/4 4/4 4/4
M14-delGFP 16/16 16/16 SLMF 6/8 7/8 7/8
M14-GFP 15/15 15/15 MS 2/5 0/5 2/5
M14-GFPp 23/23 23/23 MS 5/8 1/8 5/4
M14-pGFPp nt 9/9 MS 6/9 nt 4/9
P3-mutants
M45 6/6 6/6 SLMF nt nt nt
M45* 9/9 9/9 SLMF 1/4 3/4 3/4
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idae) (Choi et al., 2000); moreover, in Zucchini yellow
mosaic virus (genus Potyvirus), inserts at the NIb/CP site
were more stable than those at the P1/HCpro junction (Arazi
et al., 2001).
To identify additional sites tolerant to insertions in the
potyviral genome, Kekarainen et al. (2002) developed a
transposon Mu-based mutagenesis system in which novel
pentapeptides were inserted at random positions in Potato
virus A (PVA) polyprotein. The insertion strategy was
designed so that no native amino acid (aa) residues were
altered. A total of 90 positions in the P1 cistron were
analyzed, of which 46 were tolerant to insertions in contrast
to the others that led to loss of infectivity in protoplasts of N.
tabacum. The tolerated insertion sites were distributed
throughout the P1 region (Kekarainen et al., 2002). A few
of the insertion mutants originally identified as infectious in
tobacco protoplasts were tested for infectivity in tobacco
plants. One mutant virus, M14, containing an insertion at
the P1 N terminus was able to infect tobacco plants
systemically and accumulate to levels similar to the wild-
type (wt) PVA (Kekarainen et al., 2002). Another mutant,
M45, with an insertion in P3, the third protein processed
from the N-proximal part of the polyprotein, was also fully
infectious.
The sequence and length of the P1 N terminus are highly
variable among potyviruses (Aleman-Verdaguer et al., 1997;
Kekarainen et al., 1999; Shukla et al., 1994; Vance et al.,
1992), suggesting that increased length of this region might
not be an insurmountable constraint to virus infectivity.
Therefore, the aim of this study was to test whether PVA
carrying foreign inserts at an N-proximal site in P1 could
retain infectivity; moreover, could such recombinants be
used to address P1 function during potyviral infection? The
infectivity of PVA constructs carrying similar inserts in the
P3 cistron was included for comparison. The data indicate
that the P1 cistron, but not P3, can accommodate large
foreign inserts such as GFP without seriously compromising
viral infectivity. The data also shed some new light on the
roles of P1 in potyvirus infection.
M45-delGFP 0/16 0/16 ns 0/8 0/8 0/8
M45-GFP 0/16 0/16 ns 0/8 0/8 0/8
M45-GFPp 0/14 0/14 ns 0/8 0/8 0/8
Two independent clones of each chimeric virus were tested but because
results for both were similar in each case, the data were combined. M14*
and M45* were derived from M14-GFPp and M45-GFPp, respectively, by
cleaving the GFP insert using NotI and are identical to M14 and M45,
respectively.
a Chimeric viruses carrying the insertion in cistrons P1 or P3.
b Number of infected leaves relative to the total number of inoculated
leaves (IL), as detected by DAS-ELISA at 17 dpi. Results are combined
from two independent experiments.
c Number of plants systemically infected relative to the total number of
plants inoculated, as detected in the upper non-inoculated leaves (SL) by
DAS-ELISA at 17 dpi. Results are combined from two independent
experiments.
d SLMF, severe symptoms of leaf malformation, yellowing and stunting;
MS, mild symptoms of chlorosis and green vein banding; ns, no symptoms.
e nt, not tested.Results
Engineered PVA cDNAs
The full-length, infectious PVA cDNA driven by the
Cauliflower mosaic virus 35S promoter and the aforemen-
tioned mutants M14 and M45, in which a single insert
(including a novel, unique NotI site) encodes an in-frame
pentapeptide in P1 (genomic position 235, aa 25 of the P1
region) and P3 (genomic position 3379, aa 318 of the P3
region), respectively (Kekarainen et al., 2002), were engi-
neered to express a GFP variant, GFPuv (excitation maxi-
mum at 395 nm, emission maximum at 509 nm) (Crameri et
al., 1996) utilizing the NotI restriction site. Consequently, inall viral cDNAs of this study, the new GFP insertion was
flanked by a NotI site (aa sequence AAA). Additional
restriction sites were incorporated to facilitate further direc-
tional cloning of other inserts at the same site (Fig. 1).
Insert delGFP consisted of a fragment of GFP encoding
only the 45 N-terminal aa residues of GFPuv and included
additional nucleotides (nt) for the restriction sites, MluI and
SrfI, flanking the GFP sequence (Fig. 1), resulting in a total
of 58 aa. Insert GFP (756 nt, 252 aa) included the entire GFP
gene flanked by the restriction sites MluI and SrfI. delGFP
and GFP were expressed as part of P1 and P3 (Fig. 1). In
contrast, insert GFPp (768 nt, 256 aa) was designed to have
the consensus cleavage site for the main potyviral proteinase,
NIaPro, at its C-terminus (Fig. 1). Hence, the expressed GFP
was expected to be released from P1 at its C-terminus (with
six novel residues remaining) but fused to 25 N-terminal P1
aa residues in the M14-GFPp construct. Likewise, in the
M45-GFPp construct, GFP was expected to be released from
P3 at its C-terminus (with six novel residues remaining) but
fused to most of the P3 protein at its N terminus (Fig. 1). The
fourth insert, pGFPp (783 nt, total 261 aa), has the NIaPro
consensus cleavage site on both sides of the GFP sequence in
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However, a single novel residue at the N-terminus and six
novel residues at the C-terminus of pGFPp were expected to
remain following cleavage (Fig. 1). Two constructs each, one
in the M14 background and one in the M45 background,
were made for each insert, except for pGFPp, for which only
one construct (M14-pGFPp) was made. Additional clones
used as controls were made by deleting the insert from the
viral cDNA (constructs pM14* and pM45*) in order to
exclude cloning errors as a cause of possible loss of
infectivity in the chimeric viruses.Fig. 2. Symptoms and GFP-derived green fluorescence in leaves systemically infec
benthamiana infected with wt PVA-B11 (left) shows severe symptoms of malform
M14-GFP shows green vein banding (right; close-up in panel B). (C) Green fl
pGFPp, as photographed under a hand-held UV illuminator at 14 dpi. (D) N. taba
and patches at 14 dpi. (E) An upper, non-inoculated, UV-illuminated leaf of N. be
stage of systemic infection with M14-pGFPp (7 dpi) showing GFP signals alon
systemically infected with M14-pGFPp or M14-GFPp by Western blot analysis (F
respectively) at 8 dpi. A slightly slower mobility of GFPp (lane 2) as compared
remain in GFPp. Lane 3 contains protein extracts from a non-PVA-infected N. be
shown below the Western blot. Samples for Western blot analysis of GFP were ta
pGFPp) and F2V(M14-GFPp) and of which the coat protein amounts were estima
leaf; M14-GFPp: 184 Ag/g leaf). The photos were taken with the same exposure t
to differences in GFP amounts.Effects of inserts in the P1 and P3 cistrons on viral
infectivity, symptom expression and accumulation
The original PVA mutant, M45, carrying a 5-aa insertion
in the P3 cistron (aa position 318) infected Nicotiana
benthamiana and N. tabacum plants systemically and
caused symptoms similar to those of wt PVA-B11 (Table
1). In contrast, the chimeric viruses carrying a partial or
complete GFP insert in P3 showed no detectable infectivity
in inoculated leaves and no plant was systemically infected,
as detected by DAS-ELISA (Table 1). The GFP insert wasted with different chimeras of Potato virus A (PVA). (A and B) A leaf of N.
ation at 24 days post-inoculation (dpi), whereas a leaf infected with chimera
uorescence in leaves of N. benthamiana systemically infected with M14-
cum systemically infected with M14-pGFPp shows green fluorescent spots
nthamiana photographed under an epifluorescence microscope at the initial
g veins of classes I– III. (F) Detection of GFP in N. benthamiana leaves
, lanes 1 and 2, respectively) and epifluoresence microscopy (F1Vand F2V,
to pGFPp (lane 1) was expected due to the 29 additional amino acids that
nthamiana. A Coomassie Blue-stained gel of the same protein samples is
ken from leaves for which GFP fluorescence is shown in panels F1V(M14-
ted by DAS-ELISA and were found to be similar (M14-pGFPp: 164 Ag/g
ime and reveal differences in the fluorescence intensity, which corresponds
M.-L. Rajama¨ki et al. / Virology 342 (2005) 88–10192removed from M45-GFPp by cleavage with NotI, and the
resulting chimeric virus (M45*) infected N. benthamiana
and N. tabacum plants systemically, similar to M45 (Table
1). These data indicated that the GFP inserts, rather than
cloning errors, caused the loss of virulence in the chimeric
viruses. Therefore, the P3 insertion mutants were not
studied further.
In contrast to the insertions in P3, all chimeric viruses
carrying insertions in the P1 cistron were able to infect the
N. benthamiana and N. tabacum plants systemically (Table
1). In N. tabacum, all viruses caused mild vein chlorosis
symptoms. However, symptoms differed in N. benthamiana
depending on the virus. Mutant M14-delGFP, wt PVA-B11
and two mutants carrying the original 5-aa insertion (M14,
and M14* obtained by deleting the GFPp insert via NotI
digestion) caused severe leaf malformation (Fig. 2A),
yellowing and dark green islands on systemically infected
leaves; the growth of these plants was stunted. In contrast,
viruses carrying the full-length GFP (M14-GFP, M14-GFPp
and M14-pGFPp) induced only mild symptoms, no leaf
malformation, and systemically infected leaves displayed
novel symptoms of green vein banding (Figs. 2A,B). The
dark green islands observed in leaves of N. benthamiana
systemically infected with wild-type PVA (wt PVA) are
caused by locally induced RNA silencing (Moore et al.,
2001). To study whether the green vein banding we
observed was also associated with RNA silencing, the
green and chlorotic tissues were carefully separated with a
scalpel and total RNA was extracted. Viral RNA was
detected using NASH, and signals were quantified with a
FLA-5000 imaging system (FUJI); however, the signal
intensity did not differ between the samples from green and
chlorotic tissues (data not shown).
In the protoplasts of N. tabacum, the chimeric viruses
carrying the full-length GFP insert accumulated to titers less
than 50% of those observed with M14-delGFP (Table 2).Table 2
The effect of inserts in the P1 cistron on accumulation of Potato virus A
(PVA)a
Construct
used
N. tabacum
protoplastsb
Plants of N. benthamianac
IL SL
wt PVA-B11 31 T 5.7x 36 T 18x 319 T 97x
M14-delGFP 21 T 4.6x 26 T 26x 325 T 76x
M14-pGFPp 9.8 T 1.4y 6.1 T 6.3y 134 T 65y
M14-GFPp 9.7 T 1.2y 3.9 T 2.5y 123 T 94y
M14-GFP 7.4 T 0.7y nt nt
Mock 0 0 0
a Differences of means from two experiments were tested by ANOVA.
The means (Tstandard deviation) marked with the same letter are not
significantly different ( P < 0.01). nt, not tested.
b Mean amounts of PVA CP antigen (ng T standard deviation) per batch
of 5  105 protoplasts of Nicotiana tabacum 72 h after electroporation, as
detected by DAS-ELISA (n = 2–5).
c Mean amounts of PVA CP antigen in inoculated (IL) and systemically
infected leaves (SL) of N. benthamiana 8 days post-inoculation (Ag/g leaf T
standard deviation), as detected by DAS-ELISA (n = 12). Deletion mutants
did not appear prior to 14 days post-inoculation.NASH was quantitated as above to detect PVA negative
strand RNA (replicative form), and real-time PCR was used
to study the amounts of PVA positive-sense RNA (genomic
strand) normalized by comparison with actin mRNA in
inoculated protoplasts at 48 h or 72 h post-inoculation.
Results showed that the accumulation of positive- and
negative-strand viral RNA was lower with the M14-GFP,
M14-GFPp and M14-pGFPp constructs compared with
M14-delGFP, M14 or wt PVA-B11 (data not shown). In
systemically infected leaves of N. benthamiana, all viruses
accumulated to high titers, in many cases exceeding 100 Ag
CP antigen per gram of leaf tissue (fresh weight) (Table 2).
However, the accumulation of M14-pGFPp, M14-GFPp
(Table 2) and M14-GFP (data not shown) was significantly
lower (P < 0.001) than that of wt PVA-B11 or M14-delGFP
(Table 2). In inoculated leaves (IL), the relative differences
in levels of virus accumulation were consistent with those
observed in systemically infected leaves (Table 2).
In the N. tabacum plants, the viruses containing a full-
length GFP insert (M14-GFP, M14-GFPp and M14-pGFPp)
showed decreased virulence compared with M14-delGFP,
M14* and wt PVA, because only a few inoculated leaves
were infected and some but not all plants were systemically
infected (Table 1). Such differences were not as apparent in
N. benthamiana. To study the rate of systemic infection in
more detail, N. benthamiana plants were inoculated with the
different viruses by particle bombardment (two leaves per
plant) and IL were removed from plants at different time
points in three independent experiments. In 67–78% of
plants infected with wt PVA-B11 or M14-delGFP, 48 h were
sufficient for virus exit from IL, as these plants were
systemically infected despite of removal of IL. In contrast,
only 11–22% of the plants infected with M14-pGFPp and
M14-GFPp were systemically infected if IL were removed
48 h post-inoculation. All plants were systemically infected
following removal of IL at 72 h post-inoculation, except
those inoculated with M14-GFPp, which exhibited the
slowest rate of virus transport from IL since only 33% of
the plants were systemically infected. However, if IL were
removed 96 h post-inoculation, all plants inoculated with
M14-GFPp were systemically infected.
GFP is functional when expressed from the P1 insertion site
Epifluorescence microscopy revealed green fluorescence
in leaves of N. benthamiana (Fig. 2C) systemically infected
with M14-GFPp or M14-pGFPp at 5–6 dpi, and in N.
tabacum 10–12 dpi (Fig. 2D), whereas no green fluores-
cence was observed up to 21 dpi in healthy plants or in
plants inoculated with wt PVA-B11, M14-delGFP or M14-
GFP. The green fluorescence first appeared along the 1st,
2nd and 3rd class veins at 5–6 dpi (Fig. 2E). Subsequently,
fluorescent areas enlarged and merged after 2–3 days. The
distribution of fluorescence in leaves was similar for M14-
GFPp and M14-pGFPp, but the intensity was stronger with
M14-pGFPp (compare Figs. 2F1Vto F2V).
Fig. 3. Amplification of the 5V-proximal genomic region of the PVA chimeras from systemically infected leaves of N. benthamiana by IC-RT-PCR to detect
sequence deletions generated during virus propagation. (A) Amplification of the chimera M14-GFPp and analysis of the products using agarose gel
electrophoresis. The amplified region corresponds to nt 3–400 in the wt PVA-B11 genome and contains the GFPp insert (768 nt). Five plants were inoculated
by particle bombardment and the uppermost fully expanded, systemically infected leaves were tested at 20 dpi (lanes 1–5) and 30 dpi (lanes 1V–5V)
(propagation cycle I). Amplification was also performed using the same primers from a non-PVA-inoculated plant (lane 6), a plasmid containing wt PVA-B11
cDNA (lane 7) and a plasmid containing the M14-GFPp chimera (lane 8). Positions of the products in lanes 7 and 8 are indicated by arrowheads (to the right).
Lane M contains GeneRuler 1-kb DNA ladder (MBI Fermentas). The PCR products migrating faster than the product in lane 8 reflect sequence deletions from
the amplified region. (B) Sequence deletions detected in M14-GFP, M14-GFPp and M14-pGFPp (see Fig. 1). The schematic map on the top depicts the chimera
containing the GFP gene insert (filled bar) in the P1 cistron 74 nt downstream from the polyprotein translation start codon (AUG). The deletion mutants
detected by IC-RT-PCR and characterized by sequencing are schematically presented. The data from different constructs were combined. Deletion mutants a, i
(18 dpi), c, e, g and j (30 dpi) were detected during the virus propagation cycle I; mutants b, h, k and l (20 dpi) were detected during the propagation cycle II;
and mutants d, f, m and n (14 dpi) were detected during the propagation cycle III. Deletion mutants i and j were detected in the same plant. Deleted (lost)
sequences of the GFP insert are depicted with a dotted line, whereas deleted viral sequences are depicted with an open bar. The nucleotides have been indicated
with reference to the GFP sequence and those outside the GFP sequence have been numbered according to their distance from GFP. The remaining GFP
sequence is marked with the filled bar.
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Table 3
Detection of deletion mutants derived from the chimeric viruses M14-GFPp
and M14-pGFPp in systemically infected leaves of Nicotiana benthamiana
Propagation
cyclea
Days
post-
inoculation
M14-GFPp M14-pGFPp
Deletion
mutantsb
Mutant
populationc
Deletion
mutants
Mutant
population
I 18 1/4 Full + Del 2/4 Full + Del
30 4/4 Del 4/4 Del
II 14 0/8 – 1/7 Full + Del
20 4/8 Full + Del 6/7 Full + Del
27 8/8 Del 7/7 Del
a Propagation cycle I: bombardment of viral cDNA; propagation cycle II:
plants mechanically inoculated with sap extracted from systemically
infected leaves at 18 dpi of the first infection cycle. Leaves did not harbor
deletion mutants, as assessed by IC-RT-PCR.
b Number of plants that contained deletion mutants relative to the total
number of plants tested by IC-RT-PCR in two independent experiments.
c Full + Del, amplification products with a size corresponding to the
original inoculated virus (Full) and shorter amplification products (Del) were
detected by agarose gel electrophoresis; Del, only amplification products
shorter than those generated from the original inoculated virus were detected.
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M14-GFPp or M14-pGFPp were positive for GFP in a
Western blot using a monoclonal anti-GFP antibody (Fig.
2F). GFPp migration was slightly less than that of pGFPp
(Fig. 2F, compare lane 2 to lane 1), indicating a slightly
higher relative molecular weight for GFPp. This finding was
expected because GFPp contains additional 29 residues
compared with pGFPp (Fig. 1). However, the signal for
GFPp was weaker than that for pGFPp despite the presence
of similar amounts of PVA CP antigen in these leaves (Table
2). Furthermore, Western blot analysis of GFP in leaves
systemically infected with PVA-GFP revealed only trace
amounts or no signal, despite of CP amounts similar to those
of GFPp (data not shown).
Stability of GFP insertions during virus propagation in
N. benthamiana
Stability of the sequences inserted in the P1 cistron was
studied in systemically infected leaves of N. benthamiana
plants during three consecutive virus propagation cycles.
For propagation cycle I, plants were inoculated with viral
cDNA by particle bombardment. Inoculation for the
subsequent propagation cycles II and III was carried out
mechanically with sap extracted from systemically infected
leaves at 18 dpi and 20 dpi, respectively, for which the
absence of deletion mutants was tested by immunocapture
reverse transcription PCR (IC-RT-PCR). Amplification was
carried out from the beginning (5V-end) of the PVA genome
to the 3V-end of the GFP gene insert or to the HCpro cistron
(see Methods), and the products were analyzed by agarose
gel electrophoresis and sequencing (Fig. 3).
At 14 dpi following the propagation cycle I, the PCR
products were the expected size, indicating that no deletion
mutants were detected in plants systemically infected with
M14-GFPp or M14-pGFPp. However, at 18 dpi, shorter
amplification products were seen in some plants (Table 3),
and these products became predominant over time, as moni-
tored until 30 dpi (Fig. 3A; Table 3). Similar results were
obtained following propagation cycle II (Table 3). However,
following propagation cycle III, no PCR products were the
expected size at 18 dpi (Fig. 3B), possibly because some
deletion mutants had gone undetected in the leaf used for
extracting sap for inoculation. The appearance of deletion
mutants coincided with development of more severe symp-
toms similar to those wt PVA-B11 in the systemically
infected leaves. In contrast to M14-GFPp and M14-pGFPp,
the construct M14-delGFP was more stable since the only
PCR products we observed were consistent with the size of
the intact GFP insert in systemically infected plants through
the three consecutive virus propagation cycles (data not
shown).
Most PCR products that differed in size from those of the
inoculated virus genome were isolated from the gel, cloned
and sequenced during propagation cycle I. Some products
were also sequenced during propagation cycles II and III. Inmost cases, deletions affected only the inserted GFP
sequence (Fig. 3B), which appeared to contain deletion
(recombination) Fhot spots_ at nucleotide positions 121–
138, 655, 700 and 751–764 (Fig. 3B). In a few cases, some
viral sequences were lost (Fig. 3B: a, b, c, f, l), but all
deletion mutants for which the sequence was determined
retained the original reading frame of the PVA polyprotein.
However, one of the deletion mutants (Fig. 3B, a) contained
only the first 38 nucleotides of PVA 5V-NTR, with the rest of
the 5Vgenomic sequence having been lost except for the last
235 nt of the GFP insert. The correct reading frame for PVA
polyprotein expression may have been maintained in this
deletion mutant because the remainder of the GFP sequence
contained two putative translation initiation codons (ATG).
Inserts in the P1 cistron affect HCpro expression in a
virus-free system
Expression of the P1-HCpro polyprotein in plant tissue by
agroinfiltration increases mRNA and protein accumulation
from coexpressed heterologous genes because P1/HCpro
suppresses RNA silencing and thereby diminishes degrada-
tion of overexpressed mRNAs (Johansen and Carrington,
2001). We tested whether the GFP inserts in P1 influenced
this phenomenon in N. tabacum leaves that were coinfil-
trated with Agrobacterium tumefaciens (for expression of
GUS) and the PVA P1, HCpro or P1/HCpro polyproteins
from B11, M14-GFPp, M14-pGFPp and M14-delGFP. All
constructs included the PVA 5V-NTR as a translation
enhancer (Nicolaisen et al., 1992). GFP remained as a part
of the P1 protein in the absence of NIaPro proteinase activity,
whereas proteolytic processing by P1 proteinase at the P1/
HCpro junction took place (data not shown).
The highest amounts of HCpro were obtained following
expression of the wt P1/HCpro, whereas significantly lower
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HCpro, P1(GFPp)/HCpro or P1(pGFPp)/HCpro, as deter-
mined with DAS-ELISA (Fig. 4A). The amounts of HCpro
produced from P1(delGFP)/HCpro were intermediate and
did not differ significantly from other constructs. We
assayed the accumulation of HCpro mRNA by Northern
blot hybridization at 4 days post-infiltration in the same
samples used for GUS activity (Fig. 4B). P1/HCpro and
P1(delGFP)/HCpro mRNAs accumulated ca. 10–30-fold
higher levels than those of P1(GFPp)/HCpro, P1(pGFPp)/
HCpro or HCpro. These differences were consistent butmore pronounced than observed with the amounts of HCpro
protein detected by ELISA.
The highest GUS activities were consistently obtained
following coexpression of GUS with the different P1/HCpro
polyproteins, whereas coexpression of GUS with HCpro
only slightly increased the activity as compared with GUS
coexpressed with P1 or an Fempty_ vector (Fig. 4A).
Otherwise, there were few significant differences in GUS
activity in the three experiments, regardless of the construct.
The data were consistent with the detection of GUS mRNA
accumulation by northern analysis (Fig. 4B), which
indicated only slight differences following co-expression
of GUS with the different P1/HCpro polyproteins but
clearly higher accumulation than with HCpro or GUS
expressed alone. Analysis for GUS- and HCpro-specific
siRNAs revealed no significant accumulation of either in
four independent experiments (data not shown), probably
because HCpro prevents accumulation of siRNA generated
during RNA silencing with a Fweak_ silencing inducer
(Johansen and Carrington, 2001).Discussion
This study shows that insertion of a foreign gene into the
P1 cistron can result in functional expression in PVA
without seriously compromising viral infectivity. P1 is
dispensable for virus movement and replication (Verchot
and Carrington, 1995a, 1995b), but a successful outcome
was initially uncertain because earlier attempts to express
GUS as an N-terminal fusion with P1 in TEV were
unsuccessful (Dolja et al., 1992). Because the N-proximalFig. 4. HCpro protein amounts, h-glucuronidase (GUS) activity and mRNA
levels in mature leaves of N. tabacum coinfiltrated with constructs
expressing the P1-HCpro polyproteins, in which P1 contained various
forms of the GFP insert, and GUS. (A) The amounts of HCpro (Ag/g leaf)
were measured by DAS-ELISA using polyclonal antibodies to HCpro and
known amounts of recombinant HCpro for comparison, whereas GUS
activity is indicated as nmol MU/mg protein/min. Four plants (two leaves of
each) were included in each treatment. Plants were coinfiltrated with two
strains of A. tumefaciens, one expressing GUS and the other expressing 1,
the wt P1/HCpro; 2, P1(GFPp)/HCpro; 3, P1(pGFPp)/HCpro; 4,
P1(delGFP)/HCpro; 5, HCpro; 6, P1; or 7, Fempty_ binary vector. Overnight
cultures of bacteria (OD600 = 1.0) were combined 1:1 prior to infiltration.
FEmpty vector_ refers to an Agrobacterium strain containing no gene insert
in the binary vector. P1/HCpro, P1(GFPp)/HCpro, P1(pGFPp)/HCpro and
P1(delGFP)/HCpro correspond to the P1/HCpro polyproteins translated
from constructs B11 (wt PVA), M14-GFPp, M14-pGFPp and M14-delGFP,
respectively. Results from one representative experiment out of three
independent experiments are shown. Error bars indicate standard deviation.
(B) Expression of the mRNA as detected by northern analysis using a probe
for HCpro (uppermost panel) and GUS (middle panel) in one representative
experiment out of three independent experiments carried out. Numbers
below the uppermost panel indicate the relative signal intensities. The
ethidium bromide-stained gel (lowest panel) shows equal loading of RNA.
The following constructs were coinfiltrated with GUS: lane 1, P1/HCpro;
lane 2, P1(GFPp)/HCpro; lane 3, P1(pGFPp)/HCpro; lane 4, P1(delGFP)/
HCpro; lane 5, HCpro; lane 6, P1. Each sample was made from a single,
infiltrated leaf.
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insertion sites in P1 of other potyviruses will require
additional work.
No previous studies of infectious potyviruses carrying
large inserts within cistrons have been reported. Indeed, also
we found that incorporating just a part of the GFP sequence
(delGFP) into the P3 cistron debilitated virus infectivity,
even though the same site tolerates an insertion of 5 aa
(Kekarainen et al., 2002). The GFP inserts may have altered
the three-dimensional structure of P3 or its interactions with
other PVA proteins; alternatively, they may have interrupted
the domains involved in viral replication or virus–host
interaction controlled by P3 (Chu et al., 1997; Guo et al.,
2001; Jenner et al., 2003; Johansen et al., 2001; Kekarainen
et al., 2002; Merits et al., 1999; Rodrı´guez-Cerezo et al.,
1993).
The GFP inserts in the P1 cistron were stable over a 2-
week period, which was sufficient to establish systemic
infection. However, the inserts were later lost or partially
deleted, and intact viruses were rare at 4 weeks after
infection. Thus, the inserts in P1 seem to be less stable than
the GFP insert at the P1/HCpro junction of Lettuce mosaic
virus (LMV), which remained intact in some plants
following six consecutive passages at 1-month intervals
(German-Retana et al., 2000). In the PVA vector, many
deletions started at GFP nucleotides 121–138, suggesting a
recombination ‘‘hot spot’’ close to an A/U-rich region
located at nt 136–158 in the GFP gene where 20 of 24 nt
are adenosine or uracil. A/U-rich sequences may promote
recombination by inducing polymerase slippage followed
by pausing and template switching (Nagy and Bujarski,
1996; Nagy et al., 1995; Pilipenko et al., 1995). This
hypothesis is supported by a previous study on Plum pox
virus (PPV), in which A/U-rich regions exist at or
immediately downstream from the observed point of
recombination (Fig. 6 in Guo et al., 1998). There is also a
weak hairpin structure predicted by mFOLD, version 3.1
(Zuker, 2003), at GFP nt 153–168, which could enhance
polymerase pausing. Indeed, recombination sites in the
beginning of the GUS gene inserted between the P1 and
HCpro cistrons in TEV (Dolja et al., 1993) localized to a
predicted hairpin structure. The rather similar patterns of in-
frame deletions within and outside the foreign gene insert in
our study (PVA/GFP) and the previous study (TEV/GUS;
Dolja et al., 1993) suggest a possible common mechanism
of genetic instability of potyviral gene vectors.
Some progeny viruses containing deletions had lost parts
of the P1 cistron or even most of the 5V-NTR sequence
(except the first 38 nucleotides), in addition to portions of
GFP. Infectivity of these mutants is plausible because, in
PPV, the 5V-NTR except the 35 first nucleotides can be
deleted without compromising viral infectivity (Simo´n-
Buela et al., 1997). Furthermore, in our study, all the
deletions detected were in frame relative to the PVA
polyprotein ORF, and appearance of the deletion mutants
coincided with increased symptom severity resembling wtPVA, suggesting that the deletion mutants were infectious.
On the other hand, P1 enhances viral genome amplification
in trans (Verchot and Carrington, 1995b), so it is also
possible that full-length virus genomes complemented
functions of the mutants in coinfected cells and tissues.
Since the infectivity of the deletion mutants was not the
focus of this study, we may address this question in the
future.
The CP antigen accumulated to high titers (>100 Ag/g) in
leaves systemically infected with GFP-expressing PVA.
Equimolar amounts of GFP and PVA proteins were
expected due to the polyprotein expression strategy of
potyviruses (Merits et al., 2002; Shukla et al., 1994).
However, Western blots indicated that GFP accumulated to
lower titers in leaves infected with M14-GFP (data not
shown) or M14-GFPp compared with M14-pGFPp (Fig.
2F), even though the CP antigen accumulated to similar
levels (Table 2). The difference in GFP protein accumu-
lation was consistent with the difference in GFP fluores-
cence from systemically infected leaves. These data suggest
that the P1 residues remaining at the N-terminus might have
rendered GFP less stable, or even subjected it to degrada-
tion. This possibility is supported by previous studies. GUS
expressed in fusion with P1 of Tobacco vein mottling virus
was not detected by Western blot analysis in transfected
protoplasts of N. tabacum, but when proteolytically released
from P1, the GUS protein was readily detected (Yang et al.,
1998). Results suggesting quick turnover of P1 have been
obtained also in other studies (Hinrichs-Berger et al., 2003;
Rodrı´guez-Cerezo and Shaw, 1991).
Insertion of 58 aa (delGFP) into the N-terminal part of P1
had no significant effect on the infection cycle of PVA in N.
benthamiana, whereas the larger insertions of 252–261 aa
caused a two- to threefold reduction in virus accumulation
and alleviated the severity of symptoms. This resembles the
consequences from insertion of GFP or GUS into the P1/
HCpro junction in LMV, which reduced virulence in
susceptible lettuce cultivars and abolished the resistance-
breaking ability in the resistant cultivars (German-Retana et
al., 2000), and insertion of GUS at the P1/HCpro junction in
PPV, which caused loss of infectivity in N. clevelandii (Guo
et al., 1998). Reduced virulence and alleviation of symp-
toms in susceptible hosts may not be a disadvantage if the
engineered virus is to be used as a gene vector in
biotechnological applications. Indeed, the slight reduction
in virus accumulation associated with much milder symp-
toms and abolishment of the local RNA-silencing associated
virus-free dark-green islands induced by wt PVA infection
in N. benthamiana (Moore et al., 2001) are considered
positive consequences in this respect. Our data provided no
evidence for the novel green vein banding symptoms being
caused by RNA silencing. Furthermore, systemic infection
of N. benthamiana with the PVA vector occurred rapidly,
requiring only 6–8 days. At 36 h post-inoculation, PVA had
already exited the inoculated leaves, which is much quicker
than with PVX-GFP, which requires at least 7 days to be
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(Roberts et al., 1997).
An insert close to the N terminus of P1 was not expected
to interfere with the proteolytic activity of P1 determined by
a C-proximal domain (Vance et al., 1992). Thus, it more
likely interfered with other putative functions of P1, such as
viral replication, translation initiation or interactions with
other PVA proteins. It is not yet clear how the larger GFP
inserts in the P1 cistron impede these putative functions of
P1, but they may cause defects in P1 protein folding.
Alternatively, putative secondary structures introduced into
the RNA by the GFP sequence, consistent with the
increased recombination and deletion events, may decrease
the efficiency of transcription and translation. The 5V-NTR
of potyviruses is an efficient translation enhancer (Nico-
laisen et al., 1992) and was included in all constructs of this
study, but the possible additional translation enhancement
by the P1 cistron is not excluded.
The inserts in P1 may have disturbed the proposed
auxiliary effects of P1 on HCpro-mediated suppression of
RNA silencing, a function that HCpro is also able to carry
out when expressed apart from the potyviral context and
without P1 (Anandalakshmi et al., 1998; Brigneti et al.,
1998; Kasschau and Carrington, 1998; Pruss et al., 1997;
Savenkov and Valkonen, 2002). Still, few studies have
shown to what extent P1 enhances the expression levels and
silencing suppression functions of HCpro. A previous study
showed that coexpression of P1/HCpro polyprotein with
GFP in agroinfiltrated N. benthamiana leaves leads to
significantly elevated GFP levels, probably because P1/
HCpro suppresses RNA silencing-based degradation of
overexpressed GFP mRNA (Johansen and Carrington,
2001). Here, we applied the same method, and our results
show that P1/HCpro enhances GUS activity in coinfiltrated
leaves of N. tabacum, in contrast to P1 or HCpro alone,
which did not enhance the activity. The auxiliary effect of
P1 on HCpro activity was hampered to some extent by the
largest inserts in P1 [P1(GFPp)/HCpro and P1(pGFPp)/
HCpro] that were functionally similar in this assay because
GFP remained integrated in P1 due to the absence of NIaPro
activity. These results were consistent with the observed
accumulation of GUS mRNA.
Accumulation of HCpro was more dependent on P1 and
the insert therein than was the accumulation of GUS
coexpressed from an independent mRNA in the agro-
infiltrated tissues. The highest amounts of HCpro were
obtained with P1/HCpro and P1(delGFP)/HCpro constructs,
whereas expression of HCpro alone, P1(GFPp)/HCpro or
P1(pGFPp)/HCpro resulted in lower HCpro accumulation.
These differences were also consistent at the level of virus
accumulation in the protoplasts of N. tabacum and the
leaves of N. benthamiana infected with PVA insertion
mutants. However, the differences were much more
pronounced in accumulation of HCpro mRNA in the
virus-free agroinfiltration expression system (Fig. 4). We
therefore hypothesize that P1 acts to stabilize the HCproprotein, which in turn would allow strong suppression of
RNA silencing and maintain high levels of protection
against RNA degradation. Strong silencing suppression
could cause severe symptoms due to interference with
miRNA-mediated developmental processes, whereas dimin-
ished silencing suppressor activity due to insertions in P1
would result in only mild symptoms (sensu Chapman et al.,
2004; Kasschau et al., 2003). In N. tabacum, the insertions
in P1 compromised virulence more severely than in N.
benthamiana. This is interesting because it is consistent
with earlier observations showing that, in general, N.
benthamiana is more susceptible to viruses than N.
tabacum, which may be related to species-specific differ-
ences in the RNA silencing (Yang et al., 2004). The
difference in virus susceptibility between these species was
not observed with wt PVA-B11, which is highly virulent in
both hosts, but differences were pronounced following
modification of the P1 cistron. It is therefore conceivable
that P1 and/or its coding sequence contribute to viral
functions that are essential in overcoming mechanisms of
virus resistance and which, thereby, play a role in host range
determination.Methods
Viral cDNA constructs
Insertions were made by PCR-amplification of the
GFPuv sequence from TMV-GFPuv (Ryabov et al., 1999)
using specific primers that included the sequences of the
NIaPro proteolytic cleavage site and the novel restriction
sites. PCR products were purified from an agarose gel using
the QIAquick gel extraction kit (Qiagen), cloned in pCRII
plasmid (Invitrogen) or pGEM-T (Promega) according to
the manufacturers’ instructions, and ligated to the NotI site
in the PVA cDNAs M14 and M45 using standard
procedures (Sambrook and Russell, 2001). All constructs
were verified by sequencing.
Inoculation of plants and protoplasts
N. benthamiana and N. tabacum (cv. Samsun nn) plants
were inoculated with PVA cDNAs using the Helios Gene
Gun System (Bio-Rad) or mechanically inoculated using
plant sap, as described (Ha¨ma¨la¨inen et al., 2000; Rajama¨ki
and Valkonen, 1999). The first two full-grown leaves were
inoculated when plants were 5 or 6 weeks old. Plants were
grown in a growth chamber under constant conditions
(Weiss Umweltstechnik; photoperiod 16 h; light intensity
250 AE s1 m2; temperatures 22/18 -C at day/night;
relative humidity 75%), watered daily and fertilized weekly
with a 1% (N:P:K = 16:9:22.5) fertilizer.
Protoplasts were isolated from mature tobacco leaves,
and batches of 1  106 protoplasts were transfected by
electroporation with 10 Ag of plasmid DNA (viral con-
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Bio-Rad Genepulser II. Electroporated protoplasts were
incubated in dim light at room temperature for 72 h. Half of
the batch was used to measure virus concentration by
ELISA and the other half was used for RNA extraction (see
below).
Detection of GFP fluorescence
Plants were examined under long-wave UV light using a
hand-held UV device (B-100 AP; UVP, Upland, CA) and a
Leica MZFLIII epifluorescence microscope (Leica Micro-
scopy Systems, Ltd.) with filters GFP1 (425/60 nm) and
GFP3 (470/40 nm). Photographs were taken with an
Olympus DP50 digital camera (Olympus Opticals).
DAS-ELISA of PVA proteins
The inoculated and upper non-inoculated leaves and
agroinfiltrated leaves (see below) were sampled and
weighed, and titers of the PVA CP and HCpro antigen
were determined by comparison to known amounts of
purified PVA virions or recombinant PVA HCpro, respec-
tively, by double-antibody sandwich ELISA (DAS-ELISA)
as described (Rajama¨ki et al., 1998; Savenkov and
Valkonen, 2002). Leaf samples were weighed, ground in
ELISA sample buffer at 1 g/10 ml and two aliquots (100
Al) were transferred to the ELISA microtiter plate coated
with the PVA CP-specific monoclonal antibody 58/0
(Adgen) or rabbit polyclonal antibodies to PVA HCpro
(Savenkov and Valkonen, 2002). Because the sap extracted
from N. benthamiana leaves contains very high PVA
concentrations, it was further diluted 100-fold with ELISA
buffer prior to addition to the ELISA plate. Protoplasts
were collected by low-speed centrifugation, resuspended in
100 Al ELISA buffer, disrupted by repeated passage
through a needle (< 0.5 mm) and transferred to ELISA
microtiter plates coated with anti-CP antibodies, as
described above.
Western blot analysis
Total protein was extracted from leaves (100 mg) ground
in 1 volume of 1 TBS buffer at room temperature; the
solution was centrifuged at 16 000g for 10 min in a
benchtop centrifuge. Supernatant was collected, mixed with
3 loading buffer and boiled for 7 min. Proteins were
separated by SDS-PAGE (Laemmli, 1970) using a 5%
stacking gel and 15% separation gel, and electroblotted onto
Hybond-C Extra membrane (Amersham Biosciences) at 250
mA for 1.5 h. Detection of GFP was carried out with
monoclonal anti-GFP antibody (Living Colors A.v. Mono-
clonal Antibody, Clontech) diluted 1:4000 with 1 TBS
buffer, horseradish peroxidase-conjugated secondary anti-
body and the 3,3V,5,5V-tetramethylbenzidine substrate
(Promega) according to instructions (Clontech).IC-RT-PCR and real-time PCR
PVA virions were immunocaptured using MAb 58/0
(Adgen). Viral RNAwas reverse-transcribed using Moloney
murine leukemia virus (M-MLV) reverse transcriptase
(Promega) and random hexamer primers [(dN)6]. The
resultant cDNA was amplified by PCR using different
primer combinations. The forward primer was targeted to
the 5V-end of the PVA genome (nt positions 3–22; forward
primer 61475) 213 nt upstream from the insert (at position
235) or was targeted to the 5V-end of the inserted GFP
sequence (forward primer GFP5V). The reverse primer
hybridized to PVA nt 379–400 (P1-encoding region;
reverse primer F019R) 144 nt downstream from the inserted
sequence, or to PVA nt 1235–1259 (HCpro cistron). Primer
sequences and PCR cycling conditions can be obtained from
the authors by request. The PCR-amplified products were
analyzed by agarose gel electrophoresis, isolated from the
gel, cloned and sequenced.
Protoplasts were collected by low-speed centrifugation
and resuspended in Trizol Reagent (Invitrogen). Total RNA
was extracted, treated with RQ1 RNase-free DNase (Prom-
ega) according to manufacturer’s instructions and freedom
from DNA was confirmed by PCR using PVA-specific
primers. RNA was reverse-transcribed as above and
quantitative real-time PCR was performed using the ABI
SYBR Green PCR Master Mix and ABI Prism 7000
Sequence Detection system (Applied Biosystems). PCR
amplification efficiency and mean normalized gene expres-
sion were calculated using Q-gene software (Muller et al.,
2002). The Student’s t test with 1-sided unpaired samples
was used for statistical analyses.
Nucleic acid spot hybridization (NASH)
For viral RNA detection in leaves, aliquots containing
1 Ag of total plant RNA isolated by phenol-chloroform
extraction (Verwoerd et al., 1989) were spotted onto a
Hybond-N membrane (Amersham Biosciences), cross-
linked with UV-light and hybridized with a DNA probe
specific to the PVA HCpro or CP region. The probe was
prepared by PCR-amplification of PVA-B11 cDNA using
32P-labeled dCTP followed by purification of the products
with the QIAquick PCR purification kit (Qiagen). For
detection of viral RNA in protoplasts, 2.0 Ag and 0.2 Ag
total RNA were blotted onto a Hybond-NX membrane
(Amersham Biosciences) with MINIFOLD (Schleicher and
Schuell, Inc.) and hybridized with an RNA probe specific to
the negative strand of the CP or HCpro cistron. The probe
was made by in vitro transcription using 32P-labeled UTP.
The blots were prehybridized for 4 h at 65 -C, hybridized
overnight with probe at 65 -C, washed twice for 10 min
with 2 SSC at 65 -C and twice for 30 min with 2 SSC
containing 0.1% SDS at 65 -C and exposed to an Imaging
Plate (FUJI Photo Film Co.). Signals were scanned with a
FLA-5100 imaging system and quantified using Image
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identical blot was stained with 0.5 M sodium acetate
containing 0.04% methylene blue to verify the total RNA
amounts on the blot.
Agroinfiltration and detection of mRNA, siRNA and GUS
activity
The binary plant transformation vectors used in this
study contained the gene to be expressed flanked by the
Cauliflower mosaic virus (CaMV, genus Caulimovirus) 35S
promoter and the 3V terminator region of the nopaline
synthase gene (3Vnos). The binary vector pKOH200-HCpro
containing the PVA-B11 5V-NTR + HCpro sequence
(Savenkov and Valkonen, 2001) was used for preparing
other constructs. The 5V-proximal part of the PVA genome
was excised from the viral cDNAs (M14, M14-GFPp, M14-
pGFPp and M14-delGFP) using EcoRV (recognition sites in
the 35S promoter and HCpro cistron), purified and used to
replace the fragment excised from the binary vector
pKOH200-HCpro by EcoRV. The vectors were cloned in
Escherichia coli DH5a cells, purified and verified by
sequencing. The pKOH200 vectors containing the PVA 5V-
NTR+P1 cistron and p35S-GUS-INT, in which the GUS
gene contains a plant intron to prevent GUS expression in
Agrobacterium (Vancanneyt et al., 1990), were obtained
from A. Germundsson, SLU, Uppsala. The binary vectors
were introduced into A. tumefaciens strain C58C1
(pGV3850) by electroporation. Agrobacteria were grown
under selection with rifampicin (20 ppm), carbenicillin (100
ppm) and spectinomycin (100 ppm). Initially, three trans-
formants per binary vector construct were used for agro-
infiltration of N. benthamiana and N. tabacum leaves,
HCpro titers were tested at 2 and 4 days post-infiltration by
DAS-ELISA and one of three transformants was used for
further experimentation.
Agroinfiltration was carried out as described (Kapila et
al., 1997) with modifications. A 2-day-old colony of A.
tumefaciens was transferred to 20 ml LB media supple-
mented with 10 mM 2-(N-morpholino)ethanesulfonic acid
(MES), 20 AM acetosyringone, 20 ppm rifampicin and 100
ppm spectinomycin, and grown for 20 h at 28 -C. The
cells of an overnight culture were collected by centrifuga-
tion, resuspended in induction media (10 mM MES, 10
mM MgCl2, 150 AM acetosyringone) for a final OD600 of
1.0 and incubated for 3 h at room temperature. The culture
of an A. tumefaciens strain transformed for expression of
GUS and one of those expressing the constructs generated
for this study were mixed at 1:1 ratio and infiltrated to the
lower side of a full-grown leaf of N. tabacum with a 2 ml
syringe. The fluorometric GUS assay was performed as
described (Jefferson et al., 1987) using a VersaFluor
fluorometer (Bio-Rad).
Total RNA was extracted from infiltrated leaf tissue
(0.1–0.3 g) as explained above and the quality assessed by
comparison to the bands of 18S and 25S rRNA separated byelectrophoresis on a 1% agarose gel. Small interfering RNA
(siRNA) was isolated from total RNA by 4 M lithium
chloride precipitation at 4 -C overnight and run on 15%
polyacrylamide gel containing 0.5 Tris–borate–EDTA
and 7 M urea (Hamilton and Baulcombe, 1999). RNA was
electroblotted onto a Hybond-NX nitrocellulose membrane
(Amersham Biosciences) using a Trans-Blot SD device
(Bio-Rad) and detected by Northern blot hybridization as
described (Hamilton and Baulcombe, 1999). The DNA
probes (HCpro cistron and GUS) for mRNA and siRNA
detection were random-labeled with 32P-CTP (Rediprime II,
Amersham) by PCR. For siRNA detection, the probe was
digested with AluI for 15 min. Signals were scanned and
quantified as before.Acknowledgments
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